A mathematical model for the delamination of coating from active metal was developed in the presence of multiple electrochemical reactions, homogeneous reactions, and precipitation of corrosion product. The computational results illustrate that the propagation of potential front is controlled by the production of OH − ions along the metal-coating interface, while that of porosity front is limited by the rate constant of bond-breakage reactions. The movement of the two fronts are close when the time constant associated with breaking bonds is small as compared to that of diffusion and migration processes. When the time constants of bond-breakage and coating degradation are large, the velocity difference between the potential and porosity fronts becomes large. The delamination rate and delamination mechanism predicted from the model are in good agreement with experimental interpretations. A systematic sensitivity analysis for the fitting parameters used in the program was conducted and the results show that the computations are most sensitive to the parameters in the porosity-pH relation. Reactive metals in automotive and architectural applications are often protected by organic/oxide/polymer coatings with the polymer film thickness on the order of 1-100 m. The organic coating forms a physical barrier between metal and atmosphere and provides a matrix in which other additives and/or inhibitors are solubilized or dispersed.
Reactive metals in automotive and architectural applications are often protected by organic/oxide/polymer coatings with the polymer film thickness on the order of 1-100 m. The organic coating forms a physical barrier between metal and atmosphere and provides a matrix in which other additives and/or inhibitors are solubilized or dispersed. 1 Despite this, under many circumstances, water, oxygen, and other aggressive species may penetrate the polymer coating causing the buried metal surface to become electrochemically active. When the electrochemically active surface under the paint is near a defect where the base metal is exposed, an electrochemical cell may be set up in which the underpaint region becomes cathodic. For many systems, the confinement of the cathodic reaction under the paint leads to cathodic delamination, a progressive loss of adhesion with the progression of the delaminated or disbonded zone. Various mechanistic hypotheses have been reviewed. [1] [2] [3] Although the mechanism remains obscure, it is generally agreed that oxygenreduction products or intermediates such as hydroxide, peroxide, or free radicals are responsible for the bond-breaking reaction. Ogle et al. 4 have demonstrated that there is a direct relationship between the cathodic current density under the paint and the delamination rate and have proposed that the rate-limiting step involves the destruction of the conversion layer due to the alkaline electrolyte formed in the confined area under the paint. 5, 6 Stratmann et al. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] investigated experimentally the delamination of coated steel and coated electrogalvanized steel for model systems near an artificial defect. Following the interpretation reported by Stratmann et al., [10] [11] [12] [13] [14] [15] [16] the cathodic delamination system consists of a defect where the bare metal is exposed to atmosphere, a delaminated zone where the interfacial bonding is partially damaged due to the delamination process, and an intact zone where no reaction has occurred. Exposure of the metal surface to atmosphere favors metal dissolution at the defect. Along the delaminated zone, where the anodic reactions are inhibited by the presence of the coating, oxygen and water penetrate the coating and react at the interface. The experimental results reported by Stratmann et al. indicated that during the delamination process the coating is converted into a gel-like medium and the adhesive bonding at the metal-coating interface is weakened. [10] [11] [12] [13] [14] [15] [16] The interfacial potential distributions measured by scanning Kelvin probe revealed the propagation of delamination away from the defect with a well-defined delamination front. From the experimental interpretations, Stratmann et al. concluded that the rate-determining step of the cathodic delamination is driven by the transport of the cations from the defect to the front region and that the propagation rate scales with the ionic strength and the mobility of the cations. [11] [12] [13] [14] Experimental observations have shown that the later stage of the delamination becomes complicated when passive films or corrosion products are formed underneath the coating. 15 , 4 Furbeth and Stratmann reported that under a high CO 2 partial pressure, formation of ZnCO 3 inhibits the electron transfer of oxygen reduction, resulting in a pure anodic delamination for coated electrogalvanized steel. 15 The precipitation of Zn͑OH͒ 2 or ZnO at the defect prevents corrosion of the uncoated area; therefore, the cathodic reaction becomes dominant on the scratch for coated zinc samples. Moreover, after longer-time exposure, as the delamination front moves further away from the defect, both anodic and cathodic regions can appear under the paint, and it becomes difficult to distinguish whether the moving front is anodic or cathodic.
It has proven difficult to demonstrate that a proposed mechanism does indeed give the observed experimental results. Interpretation is often limited to qualitative and subjective observations. Therefore, a quantitative approach is necessary. Allahar et al. developed the first mathematical model for the cathodic delamination of coated metal. 17, 18 The key to their work was to use porosity to represent the interfacial adhesive strength and to relate the interfacial porosity with local pH. The concept of pH-dependent porosity proposed in their model provided an approach to account implicitly for bondbreaking phenomena during the delamination process. This concept tacitly assumes that the hydroxide species is the aggressive agent in the bond-breaking mechanism, or at least that the hydroxide concentration increases monotonically with the concentration of an aggressive intermediate as suggested in Ref. [4] [5] [6] . The simulation results showed qualitative agreement with the experimental observations by Stratmann's group, [10] [11] [12] [13] [14] [15] which supported the hypotheses used in this model. However, their work did not incorporate chemical reactions that might take place at the later stages of the delamination.
The objective of the work was to develop a mathematical model for the propagation of delamination that accounts for coupled transport of ionic species, the influence of changes in local porosity, and the influence of electrochemical and homogeneous chemical reactions. The chemical reactions included homogeneous reactions in the interfacial oxidized layer and formation of corrosion product underneath the coating. A second objective was to examine whether the delamination rate and the delamination mechanism predicted from the model agree with the experimental results. The model presented here is similar to that presented by Allahar, 17, 18 but a different numerical algorithm was employed to incorporate the homogeneous and precipitation reactions.
Theoretical Development
Furbeth and Stratmann [13] [14] [15] reported that the cathodic delamination process on a coated metal with a coating defect was the result of a galvanic couple formed between the defect and the intact zone. Cathodic reactions at the metal-coating interface were balanced by anodic reactions at the bare metal exposed by the defect. A schematic representation of the cathodic delamination system, following the physical description provided by Stratmann et al., is illustrated in Fig. 1 . [13] [14] [15] The detached area represents a coating defect in which the metal surface is exposed to an electrolyte of NaCl. Adjacent to the defect is the delaminated region where part of the adhesive bonding has been weakened due to the cathodic delamination process. Furthest from the detached region is the intact region in which the coating is in pristine condition and the delamination has not yet occurred.
Following the approach taken by Allahar et al., 17, 18 interfacial porosity was employed in the mathematical model to characterize the transition from a detached region to an intact region in the delamination system. The porosity in the detached defect region must be equal to unity. The smallest porosity should be seen in the intact region, and the porosity in the delaminated region should be larger because the coating is partially degraded into an oxidized gel layer. The qualitative representation of porosity given in Fig. 1 reflects the concept that the porosity changes from a value associated with the detached defect to a value associated with the intact region. The use of porosity provided an implicit approach that accounts for the breakage of adhesive bonds between the coating and the metal during the delamination process. 17, 18 Through the assumption that the coating thickness is much smaller than the length of the delaminated domain, the development of the model was simplified to a one-dimensional ͑1D͒ problem. The significance of the defect was included implicitly at the boundary sharing with the defect. The delaminated zone was initially divided into the three regions seen in Fig. 1 in order to characterize the transition of porosity within the domain. However, the inter-regional delaminated-front and front-intact boundaries were not fixed during the simulation. The motion of inter-regional boundaries can therefore be attributed to a consequence of the contributing phenomena. 17, 18 Mass transport.-In the present model, the delaminated zone was considered to be a porous medium. The governing equations in a porous medium were derived from those in an aqueous medium. In a dilute and stagnant electrolytic solution, the flux N i is expressed by the Nernst-Planck equation
where z i is the charge number, F is Faraday constant, ⌽ is the electrostatic potential, and D i is the diffusion coefficient of species i. The terms on the right represent the contribution by migration and diffusion to the flux of a species, respectively. In a porous medium, the effective diffusion coefficient of a species D i * was related to the porosity of the domain by Bruggeman approximation 19, 20 i.e.
The estimated value of porosity was based upon the experimental observations by Stratmann et al. that the diffusion coefficient of species in the degraded layer is approximately 2 orders of magnitude smaller than that in an aqueous environment. 12 The combination of Eq. 1 and 2 yields the mass conservation of species in a porous environment in terms of N i and as
where the term on the left side represents the change of concentration with time and the terms on the right side represent the net input due to the flux and the net rate of production by homogeneous reactions R i , respectively.
pH-Dependent porosity.-Furbeth and Stratmann 13 reported that during the cathodic delamination process, the coating degraded into a gel-type medium and the adhesive bond between the coating and the metal was weakened. The OH − ions produced in oxygen reduction underneath the paint were implicated in adhesion loss. Allahar et al. 17, 18 proposed that the interfacial porosity used to represent the strength of the interfacial bonds was dependent on the local pH. Following the approach by Allahar et al., 17, 18 an assumed porosity transition in the delaminated domain is presented in Fig. 2a as a function of position. Three transition regions are observed in Fig. 2a . The porosity decreases gradually with position in the delaminated region where the delamination has occurred. In the front region where the delamination is ongoing, the porosity shows an abrupt decrease with position. The porosity remains unchanged in the intact region where the delamination has not yet occurred.
The porosity-pH relation presented here was established based on the assumption that the interfacial bonds between the metal and the coating are attacked by the OH − ions produced underneath the paint. However, as reported by Leng et al. 12 and Grundmeier et al., 21 radical peroxide intermediates generated in the oxygen reduction are also possible species that destroy the metal-coating interface. If the intermediates are major species that break interfacial bonds, the oxygen reduction needs to be treated as a multiple-step reaction mechanism instead of an elementary reaction. Experimental results revealed that the concentrations of two major species, OH − and Na + , were approximately equal in the delaminated zone. 13 The distribution of local pH can, therefore, be constructed according to the c Na + distribution obtained from X-ray photoelectron spectroscopy analysis. 13 Because the degradation of the coating and the loss of adhesion during the delaminated process was implicated to the the production of OH − ions, the interfacial porosity was linked to pH using 17, 18 
where b ,1 to b ,4 are fitting parameters. 17, 18 The relation between the interfacial porosity and local pH is plotted in Fig. 3 . Equation 4 represents a simplification of the model used by Allahar et al. 17, 18 and provides equivalent results with fewer parameters.
The phenomena of bond-breakage and coating degradation involve chemical reactions. Equation 4 which governs the equilibrium relationship between interfacial porosity and local pH, is only valid under the assumption that the time constants associated with the [13] [14] [15] and taken from Ref. 18 . The system consists of a defect where the metal is exposed to an electrolyte and a delaminated zone where the interface adhesive strength is partially broken.
bond-breakage reactions are sufficiently small. When the time constants for these phenomena are large compared to those for the processes of diffusion and migration, the equilibrium assumption becomes invalid. A nonequilibrium relationship between and pH was assumed to follow
where the equilibrium porosity eq is obtained in Eq. 4 and k neq is the rate constant for the bond-breakage reactions. In the limit that k neq → ϱ, the value of attains its equilibrated value = eq . 
͓7͔
The polarization kinetic at the metal-coating interface was derived from that applicable to the metal-electrolyte interface. Zinc dissolution.-In an aqueous environment with a bare metal surface, the current density due to zinc dissolution i Zn follows a Tafel behavior 22 i Zn = i o,Zn 10
where ␤ Zn , E Zn , and i o,Zn are the Tafel slope, equilibrium potential, and exchange current density, respectively, for the zinc dissolution. A poisoning factor w Zn was employed to calculate the current density due to the zinc dissolution at the metal-coating interface, i.e.
17,18
Figure 2. Schematic diagrams for interfacial porosity and pH as functions of position in the delaminated zone. The dashed lines separate the domain into the delaminated, front, and fully intact regions: ͑a͒ interfacial porosity and ͑b͒ local pH. 
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The poisoning factor w Zn in Eq. 9 considered the effect of coating and the availability of surface area to zinc dissolution during the delamination. The factor also accounted implicitly for the presence of passive films formed on the metal surface. The poisoning factor w Zn was assumed to be a function of pH, and the construction of the w Zn -pH relationship was performed in a manner similar to that of the -pH relationship. The resulting relation between w Zn and pH is shown in Fig. 4a and the mathematical expression is
where b w Zn ,1 to b w Zn ,4 were fitting parameters.
Oxygen reduction.-Under the assumption that oxygen reduction is mass-transfer-limited at the metal-electrolyte interface, the limiting current density in an aqueous medium is given as 22, 23 
where x is the distance that oxygen diffuses through and c O 2 ,ϱ is the oxygen concentration in the bulk. In the presence of the coating and interfacial oxidized layer, the limiting current density due to oxygen reduction at the metal-coating interface was calculated using 17, 18 
where g m and g c are the thickness of the gel medium and the coating, respectively, and c and g are the porosity of the undegraded coating and the gel medium, respectively. The assumption of the mass-transfer-limited oxygen reduction employed in the present model is not necessarily true for technical samples. As presented later, the parameter sensitivity analysis shows that the magnitude of the cathodic current density does influence the delamination. The blocking factor w O 2 in Eq. 12 accounted for the influence of the coating and the oxidized layer on the transport of oxygen to the metal surface. The blocking factor w O 2 was assumed to be a function of pH, and the construction of the w O 2 -pH relationship was performed in a manner similar to that of the -pH relation. The resulting w O 2 -pH relation is presented in Fig. 4b and the mathematic expression is written as
were fitting parameters. The pH dependence of the blocking factor w O 2 , shown in Fig. 4b , was intended to quantify the qualitative understanding of the changes on the metal surface in response to the formation of a delamination front. Under the intact coating ͑pH less than 9͒, the coating and oxidized surface provide an effective barrier to oxygen transport to the metal surface, and the value of the blocking factor is small. The blocking factor increases in the front region where the coating porosity increases, physically reflecting an enhanced electrochemical reactivity. At still larger values of pH, corresponding to the delaminated region, formation of precipitated corrosion products reduces transport of oxygen to the metal surface. Thus, the blocking factor has a maximum value in the delamination front region. The values of the fitting parameters used in the pH-dependent interfacial porosity, blocking, and poisoning factors are listed in Table I .
The theoretical development presented above follows that reported by Allahar et al., 17, 18 but modifications were made to reduce the number of the fitting parameters used in the program. Both the original and the modified sets of parameters gave essentially the same computational results.
Homogeneous and precipitation reactions.-The oxygen reduction taking place underneath the coating results in an increase of pH in the interfacial degraded layer. For zinc, a series of chemical reactions associated with Zn 2+ hydrolysis and formation of corrosion product Zn͑OH͒ 2͑s͒ are possible in alkaline solutions. 24, 25 In the presented model, multiple homogeneous reactions, including water dissociation and a series of reactions associated with Zn 2+ hydrolysis, were considered. The mechanisms and equilibrium conditions of these chemical reactions are summarized in Table II . 25 All the homogeneous reactions were assumed to be equilibrated because the time constants for reaching the equilibrium conditions were much smaller than that for the diffusion of the limiting reactant. 26, 27 The precipitated corrosion product Zn͑OH͒ 2͑s͒ is thermodynamically stable within the pH ranging from 8.5 to 11. 24, 25 The reaction forming solid Zn͑OH͒ 2͑s͒ was assumed to follow
The rate of production of Zn͑OH͒ 2͑s͒ depends strongly on the concentrations of Zn 2+ and OH − ; thus, the precipitation rate was related to c Zn 2+ and c OH − by Mathematical development.-The propagation model simulated the evolution of the delamination process from given initial conditions. The propagation of front and the bond-breakage reactions accompanying the delamination process were modeled through the hypothesis that porosity and the polarization kinetics at the coatingmetal interface were pH dependent. Governing equations.-The solution was assumed to be electrically neutral, i.e.
The governing equation for c i in a on 1D domain was
where S i was the rate of production per unit volume by electrochemical reactions. The conservation equations for the chemically inert species, Na + and Cl − , were obtained by assigning S Na + = 0 and S Cl − = 0.
The governing equations for the species participating in heterogeneous reactions, Zn 2+ and OH − , were formulated as
respectively. The net production of Zn 2+ and OH − by the homogeneous reactions at any position was equal to zero, i.e. 
The equilibrium conditions listed in Table II 
where k is a rate constant and K sp is the standard solubility product of Zn͑OH͒ 2͑s͒ with a value of 3 ϫ 10 −17 ͑mol/L͒ 3 at room temperature. 15 The phenomenon of bond breakage was treated under two conditions. Under the assumption that the time constants associated with bond-breaking reactions are sufficiently small, Eq. 4 was employed as the governing equation for the local interfacial porosity. The kinetic relation, given in Eq. 5, was treated as the governing equation when the time constants associated with bond-breaking reactions become large. Boundary and initial conditions.-At the boundary with the defect, the solution potential and concentrations of chemical species were fixed to a bulk condition ⌽ ϱ and c i,ϱ , respectively. The boundary condition for the solution potential ⌽ at the fully intact region remained as the electroneutrality condition. A zero-flux boundary condition N i = 0 was used for all species at the boundary in the fully intact region.
The objective of this work was to explore the propagation phase of the delamination process. Thus, an initial condition was established which reflected a system after the delamination had begun. The initial concentration distributions presented in Fig. 5 were constructed based on the experimental data reported by Leng and Stratmann. [10] [11] [12] The initial concentrations of Na + and OH − ions were equal at any position in the delaminated domain. The shape of the c Cl − distribution followed that of the c Na + distribution. The concentrations of Na + , Cl − , and OH − ions decreased monotonically with the position in the delaminated and front regions. In the intact region, the concentrations of all species reached asymptotic values. The distribution of c Zn 2+ was obtained by satisfying electroneutrality at a given position. The concentrations of the corrosion product and the species produced in the homogeneous reactions were assumed to be zero at t = 0. Solution method.-The spatial derivative terms in the governing equations were approximated using the central finite difference approach, 29 where terms higher than the order of ͑⌬x 2 ͒ were neglected. The first order temporal derivative was used, where terms higher than the order of ͑⌬t͒ were neglected. The system of coupled, nonlinear, partial-differential equations required an iterative method Equilibrium pH-porosity relation.-The computational results calculated using the equilibrium -pH relationship are presented in this section. Interfacial potential distribution.-The calculated distributions of the interfacial potential V are presented in Fig. 6 with elapsed time as a parameter. In the graphical presentations in the subsequent sections, t = 30 s was chosen as the initial condition to avoid the artificiality at t = 0. At a given time, the interfacial potential increases with distance away from the scratch and reaches a constant value in the intact region. The constant plateau seen in Fig. 6 represents the intact region, and the length of the plateau shortens with elapsed time. The shape of the potential distribution is maintained throughout the simulation, indicating that the phenomena and the hypotheses considered in the model sustain the potential profile while the delamination front propagates along the metal-coating interface. These features are consistent with the experimental results for coated electrogalvanized steel reported by Stratmann et al. 15 and Williams et al. 31 The interfacial potential presented by Allahar et al. showed an increase of 40 mV in the intact region over a 30 min simulation. 17, 18 The inconsistency with the experimental results was attributed to the propagation of errors in the time steps. 17, 18 In order to make comparisons with the results presented by Allahar, few simulations were performed in the absence of homogeneous and precipitation reactions. The resulting potential distributions, not shown here, were similar to the features observed in Fig. 6 , which indicates that the choice of the numerical algorithm influences strongly the accuracy of the computational results.
Following the analysis reported by Leng and Stratman, 11 the interfacial potential distributions were differentiated with respect to position to yield dV/dx distributions, given in Fig. 7a , as a function of position with elapsed time as a parameter. The sharp peak marks the deflection point of the sharp increase observed in Fig. 7a . The position of the peak, identified as the delamination front, propagates away from the defect with increasing time. The peak height corresponding to the magnitude of dV/dx decreases with increasing delamination time. The decreasing trend is in agreement with the experimental results reported by Leng and Stratmann. 11 The explanation given by Leng and Stratmann was that the electrochemical potential in the front region changes more gradually as delamination time increases. 11 The agreement with the experiments demonstrates that the hypotheses of the pH-dependent interfacial porosity and polarization kinetics were reasonable for the front propagation during the delamination process.
The rate of propagation of the potential front, calculated from the maxima peak given in Fig. 7a , is presented in Fig. 7b . Similar to the observations by Allahar et al., 18 the initial rate is large but decreases exponentially with elapsed time. The delamination rate determined by extrapolation to longer time was 1.66 mm/h, which is approximately 23% less than the rate obtained by Allahar 18 but still twice larger than the experimental rate for coated steel by Leng and Stratmann. 12 The discrepancy between the theoretical and experimental work can be attributed in part to the use of the equilibrated pH-porosity relation in the model. The phenomena of bond breakage and coating degradation involve chemical reactions. The appli- 
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pH and porosity distributions.-The calculated distributions of pH and porosity are presented in Fig. 8 as a function of position with elapsed time as a parameter. The calculated results show that the pH in the delaminated and front regions increases with time and remains unchanged in the intact region. The increase in pH in the delaminated and front regions is attributed to the OH − ions produced by oxygen reduction underneath the coating and by diffusion from the boundary with the defect. The trends associated in the porosity distribution in Fig. 8b are similar to those observed in the pH distributions, confirming that the destruction of the interfacial adhesion is related to the generation of OH − ions during the delamination process.
In experiments, the active delamination front, where the delamination is ongoing, is often determined by the potential distributions measured using the scanning Kelvin probe. In the mathematical model presented here, however, it is more reasonable to define the delamination front by the porosity gradients, because the porosity is the key to represent the adhesive strength between the metal and the coating. 17, 18 The distribution of d⑀/dx along the metal-coating interface is presented in Fig. 9a as a function of position with elapsed time as a parameter. The sharp peak characterizes an interfacial porosity front that moves toward the intact region. The extrapolated velocity of the porosity front corresponding to the rate of breaking the interfacial adhesion was approximately 1.50 mm/h ͑see Fig. 9b͒ . This value is 16% smaller than the porosity front rate reported by Allahar et al. 17, 18 but still larger than the experimental result for coated steel.
12
The discrepancy between the simulation and experimental rates can be attributed in part to the use of the equilibrium pH-porosity relation, which yields to the upper limit of the propagation rate.
Homogeneous reactions and precipitated corrosion product.-The concentration distributions of the species produced in the homogeneous reactions ͑ZnOH + , HZnO 2 − , and ZnO 2 2− ͒ are presented in Fig.  10 as a function of position with elapsed time as a parameter. For all three species, the concentrations decrease with position in the delaminated and the front regions. During the course of simulation, the changes in concentration across the delaminated and the front regions become more gradual as the delamination propagates into the fully intact region.
The precipitation of corrosion products Zn͑OH͒ 2͑s͒ has been observed in delamination systems and cut-edge corrosion systems. 32 The distribution of c Zn͑OH͒ 2͑s͒ calculated from the presented model is given in Fig. 11 as a function of position with elapsed time as a parameter. The formation of Zn͑OH͒ 2͑s͒ was observed in all posi- 
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tions in the delaminated zone, and the concentration of Zn͑OH͒ 2͑s͒ increases with time in all positions. At a given time, the concentration of Zn͑OH͒ 2͑s͒ decreases with position in the delaminated and front regions and maintains a uniform value in the intact region. The concentration of the solid phase given in Fig. 11 can be expressed in terms of a surface concentration by multiplying the concentration by the 5 mm thickness of the gel-like layer. For all positions, the estimated surface coverage is much less than a monolayer. The increase in surface concentration in the intact region with time indicates that, under the conditions of the simulation, equilibrium or steady-state behavior was not observed.
The influence of the homogeneous and precipitation reactions on the delamination was investigated by comparing the simulation results with those obtained in the absence of the reactions. The comparison indicates that, in this particular study, these reactions do not have a strong impact on the rate or mechanism of the delamination. Homogeneous and precipitation reactions can be important when a large amount of OH − ions underneath the paint are consumed by these reactions or when the corrosion product begins to passivate the metal surface. The results of the present model are controlled by transport processes; thus, the production of ZnOH + , HZnO 2 − , ZnO 2 2− , and Zn͑OH͒ 2͑s͒ is not significant to the overall delamination.
Delamination kinetics.-The delamination kinetics can be determined by plotting the delaminated distance calculated from the dV/dx curve as a function of time. Williams et al. 33 employed a general power law
to describe the delamination mechanism, where x del , k del , and t del are delaminated distance, rate constant, and delamination time, respectively. The kinetic analysis presented in the subsequent sections follows essentially that reported by Stratmann et al., 11, 15 but one of the advantages of the present model is that it allows comparison of the movements of the potential and porosity fronts.
The delaminated distances determined by the potential and the porosity fronts are presented in Fig. 12a and b , respectively, as a function of time in a double-logarithmic plot with cation species as a parameter. The calculated reaction order is approximately 0.56 for the potential front and 0.6 for the porosity front. The slopes seen in Fig. 12a and b are independent of the cation species, and the values are in close agreement with the reaction order of 0.52-0.59 determined by Stratmann et al. 15 for polymer-coated electrogalvanized steel. One special simulation was performed in which the electrochemical production of OH − ions under the paint was minimized. The kinetic analysis for that simulation, not presented here, shows the same reaction order observed in Fig. 12 . These results demonstrate that the overall delamination process is primarily limited by the mass transport of ions from the defect to the delamination front. Due to the coexistence of the potential and concentration gradients, the transport of ions represents the contributions by migration as well as diffusion. For the present simulation, the diffusion term dominated. Influence of cation species on delamination rate.-The influence of cation type on delamination rate can be seen more clearly in Fig.  13 , where the delaminated distances calculated based upon the potential and the porosity fronts are plotted as a function of the square root of time. A linear relation between the delaminated distance and square root of time is observed for all of the cation types. The rate of propagation decreases in the order of Cs + Ͼ K + Ͼ Na + Ͼ Li + for both potential and porosity fronts, and this result is correlated to the mobility of the cations in an aqueous medium ͑Table III͒. The influence of anion species on the delamination rate was also examined in the simulation. The results, not shown here, indicate that the delamination is not sensitive to the anion species. The prediction from the present model is qualitatively consistent with experimental measurements reported for coated steel and coated zinc systems. 11, 15 The consistency with experiments demonstrates that, with the chemical and physical assumptions, the delamination predicted from the model is principally controlled by the transport of cations along the metal-coating interface and the rate of this process scales with the mobility of the cations. Influence of electrolyte concentration on delamination rate.-As reported by Leng and Stratmann, 11 the concentration of electrolyte placed at the defect also influences the delamination rate. The delaminated distance is given in Fig. 14 as a function of the square root of time with electrolyte concentration as a parameter. The higher concentration at the threshold provides a larger driving force to couple galvanically the intact and defect zones; therefore, the propagation rates determined by both potential and porosity fronts increase with the electrolyte concentration. Two important conclusions of the kinetic analysis presented above are that the ratedetermining step of the cathodic delamination is driven by the transport of the cations from the defect to the front region and that the propagation rate scales with the ionic strength and the mobility of the cations. This conclusion is in agreement with the interpretation published by Leng and Stratmann for coated steel.
11
Nonequilibrium pH-porosity relation.-The use of the equilibrium pH-porosity relation presented above relies on the assumption that the chemical reactions associated with breaking interfacial Figure 12 . Delaminated distance as a function of elapsed time in double-logarithmic scale with cation type as a parameter: ͑a͒ delaminated distance determined by potential front ͑can be compared with Fig. 3 by Furbeth and Stratmann͒ 15 and ͑b͒ delaminated distance determined by porosity front. Figure 13 . Delaminated distance as a function of square root of time with cation type as a parameter: ͑a͒ delaminated distance determined by potential front ͑can be compared with Fig. 3 by Leng et al.͒ 11 and ͑b͒ delaminated distance determined by porosity front.
bonds occur rapidly. This assumption becomes invalid when the time constants for the bond-breaking reactions are large compared to those for diffusion and migration processes. The investigation for nonequilibrium pH-porosity relation is presented below.
Potential front and porosity front.-To explore the role of finite rates of bond breakage, the equilibrium relationship between porosity and pH, given as Eq. Fig. 15 were similar to those observed in Fig. 6 , which were obtained using the equilibrium pH-porosity relation. The distributions of the potential gradient dV/dx are shown in Fig. 16 as functions of position with elapsed time as a parameter. The trends associated with the dV/dx plot for nonequilibrium pH-porosity relation are similar to those found using the equilibrium relation. The extrapolated delamination rates determined by Fig. 16a and b were 1.63 and 1.55 mm/h for k neq = 0.1 and 0.001 s −1 , respectively. These values are slightly smaller than the equilibrium delamination rate ͑1.66 mm/h͒, indicating that the use of the kinetic pH-porosity relation within the model influenced the velocity of the potential front.
The propagation of the potential fronts can be compared to that of the porosity fronts. The resulting distributions of d/dx for k neq = 0.1 and 0.001 s −1 are presented in Fig. 17 as functions of position with elapsed time as a parameter. The trends in Fig. 17 are similar to those observed in Fig. 9a , which were obtained using the equilibrium pH-porosity relation. The velocity of the porosity front decreases from 1.37 mm/h for k neq = 0.1 s −1 to 0.93 mm/h for k neq = 0.001 s −1 . The rate of propagation of the porosity front for k neq = 0.001 s −1 is much smaller than the equilibrium porosity front rate ͑1.5 mm/h͒. This result confirms that the porosity front depends strongly on the nonequilibrium rate constant. The numerical values are in approximate agreement with the propagation rates reported by Furbeth and Stratmann. 15 From the analysis presented above, it is evident that the velocity of the porosity front is controlled by the rate constant of the bondbreakage reactions. The velocity of the potential front, however, was found to follow the movement of the pH front. The pH gradient distributions for k neq = 0.1 and 0.001 s −1 as functions of position with elapsed time as parameter are given in Fig. 18 . The shape and the features within the pH gradient distributions are similar to those seen in dV/dx and d/dx plots. The locations of the deflection points in Fig. 18a and b, termed pH front, are approximately equal to the 
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The influence of the rate constant k neq on the velocity of the potential front, porosity front, and pH front is summarized in Table  IV . When k neq decreased from infinity to 10 −4 s −1 , the rate of the potential front decreased from 1.66 to 1.26 mm/h, and the rate of the porosity front decreased from 1.50 to 0.73 mm/h. The comparison between the potential and pH front rates confirms that the movement of the potential front depends on the pH front. The change of the front velocities indicates that the values of k neq influence the propagation of all fronts, but the influence is much more evident on the porosity front. The limitation of k neq leads to an increasing velocity difference between the potential and porosity fronts as k neq decreases. The concentration gradient of OH − ions within the two fronts creates a driving force for the bond-breakage reactions. As a result, the disbondment occurs in a broad region when the bond-breakage reactions are sufficiently slow. The distribution of porosity for k neq = 10 −4 s −1 is presented in Fig. 19 as a function of position with elapsed time as a parameter. The well-defined porosity front seen in Fig. 8b becomes less distinguishable in Fig. 19 ; instead, the change in porosity takes place in broad region and the region expands with increasing time. The results presented here indicate that the potential fronts provide only an approximate indicator of the location of the delamination front.
Delamination kinetics.-The propagation distances determined by the potential front and the porosity front are given in Fig. 20a and b, respectively, as functions of time with k neq as a parameter. In Fig.  20a , when the rate constant k neq changes from infinity to 10 −4 s −1 , the slopes of the lines change slightly from 0.57 to 0.59. The slight change in the slope demonstrates that the rate constant k neq does not have a significant impact on the rate-determining step of the overall delamination process. In Fig. 20b , the slope is approximately equal to 0.6 for the equilibrium pH-porosity relation but increases to 0.74 for k neq = 10 −4 s −1 . The slope change in Fig. 20b is an indication that the delamination mechanism shifts from a mass-transfer controlled to a mixed-control mechanism when the bond-breakage reactions are sufficiently slow. The transition is consistent with the experimental result reported by Stratmann et al. 15 that the overall delamination process is limited by kinetics when the delamination rate is sufficiently small.
Sensitivity analysis of parameters.-Because the parameters used in the ⑀-pH, w Zn -pH, and w O 2 -pH relations may have significant impact on the computational results, a systematic sensitivity analysis was performed. In the analysis, three different values were examined for each fitting parameter. The moving front velocities and the kinetic analysis were checked to determine the sensitivity.
The sensitivity analysis indicates that the simulations are sensitive to the parameters used in the porosity-pH relation ͑b ,1 -b ,4 ͒. The sensitivity analysis for the fitting parameter b ,1 is summarized in Table V . When the fitting parameter b ,1 that governs the porosity at high pH in Fig. 21a increases from 0.001 to 0.1, the velocities of both potential front and porosity front increase approximately by a factor of 2.5. When b ,1 is equal to 0.1, the interfacial potential in the intact region, unlike the constant feature observed in Fig. 6 , increases with delamination time. The slope of the potential increase from low pH to high pH in Fig. 6 is influenced by the fitting parameter b ,2 . As observed in Fig. 21b , when b ,2 changes from −2 to −5, the slope of the transition from low pH to high pH increases slightly as well. 
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For the values that were examined, the computations were insensitive to the fitting parameters used in the w Zn -pH relation ͑b w Zn ,1 -b w Zn ,4 ͒. The simulation results, however, were sensitive to several fitting parameters used in the w O 2 -pH relation. For instance, the slope of the increasing curve at low pH in Fig. 22a becomes steeper when the fitting parameter b w O 2 ,2 changes from −4 to −10. The increase in the slope results in an increase in the velocities of both potential front and porosity front. The kinetic analysis indicates that the change in b w O 2 ,2 has no significant impact on the delamination mechanism. In Fig. 22b the magnitude of the constant value in the middle range of pH increases from 10 −4 to 10 −2 when b w O 2 ,7 changes from −11.1 to −9.1. The increase in the blocking factor leads to an increase in the delamination rates. The kinetic analysis for −11.1 and −10.1 shows a mass-transfer-limited delamination mechanism, but a mixed-controlled mechanism is shown for the porosity front when b w O 2 ,7 is equal to −9.1.
Conclusions
A 1-D transient mathematical model was developed that simulates the delamination of polymeric coating from a zinc surface in the presence of homogeneous and precipitation reactions. The simulation results obtained using the equilibrium -pH relationship demonstrate that the overall delamination process is governed primarily by the transport of the cations from the defect to the front region. The rate of the delamination depends on the mobility and the concentration of the cations. The consistency with the experimental observations by Stratmann et al. [13] [14] [15] [10] [11] [12] supports the hypotheses proposed by Allahar 17, 18 that the porosity and polarization kinetics can be treated as functions of pH.
The computational results obtained using a nonequilibrium -pH relationship indicate that, when the bond-breaking reactions take place at a sufficiently slow rate, the potential front and the porosity front become distinguishable. The movement of the potential front follows the change of pH along the metal-coating interface, whereas the movement of the porosity front is limited by the bond-breaking reactions. The kinetic analysis of the nonequilibrium results also shows that the delamination mechanism shifts from a masscontrolled mechanism to a mixed-control mechanism when the bond-breaking reactions are sufficiently slow. The dependence of delamination rate on hydroxide ions is supported by the observations of Ogle et al. [4] [5] [6] The formalism, however, is general and can be applied to other proposed mechanisms involving, for example, hydroxyl radicals. The sensitivity analysis for the fitting parameters used in ⑀-pH, w Zn -pH, and w O 2 -pH relations demonstrates that the resulting distributions and the velocity of the fronts are primarily controlled by the parameters used in the porosity-pH relation. The simulations are, in general, insensitive to the parameters used in the w Zn -pH relation. The values of the fitting parameters b w O 2 ,2 and b w O 2 ,7 employed in the w O 2 -pH relations influence the delamination rate and delamination kinetics, respectively.
